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We report on the all-optical production of Bose-Einstein condensates in microgravity using a com-
bination of grey molasses cooling, light-shift engineering and optical trapping in a painted potential.
Forced evaporative cooling in a 3-m high Einstein elevator results in 4 × 104 condensed atoms ev-
ery 13.5 s, with a temperature as low as 35 nK. In this system, the atomic cloud can expand in
weightlessness for up to 400 ms, paving the way for atom interferometry experiments with extended
interrogation times and studies of ultra-cold matter physics at low energies on ground or in Space.
The ability to produce ultra-cold matter and macro-
scopic quantum systems with laser cooling and evapora-
tion techniques [1, 2] has brought about new physics pre-
dicted by quantum mechanics. It has also enabled new
tests of fundamental physics by using matter waves for
precision measurements. Today, Bose-Einstein conden-
sates (BECs) [3] are employed as complex tools to test
condensed matter phenomena, such as mimicking elec-
tronic solid state systems with atoms trapped in optical
potentials [4]. Producing and controlling ultra-cold mat-
ter has also lead to ground-breaking methods for measur-
ing inertial effects [5], time and frequency standards [6],
and fundamental physical constants [7] with high preci-
sion. This quantum toolbox opens exciting new prospects
for inertial navigation [8], geodesy [9], tests of general rel-
ativity [10], and the detection of gravitational waves [11]
and dark energy [12].
For all of these applications, gravity can be the ulti-
mate limiting factor. The extremely low temperatures
required to study some quantum phases of matter such
as antiferromagnetism [13] are usually limited by gravita-
tional sag. Temperatures of a few nK or below also cor-
respond to very low energy and require long observation
times hardly attainable under gravity. Finally, matter-
wave interferometers require extended interrogation time
[14] to increase their sensitivity. Circumventing gravity
can be achieved by using external forces to compensate
the downward pull [15, 16] or to levitate the atoms [17].
In each case, the additional magnetic or optical fields
used to launch or hold the atoms against gravity results in
residual perturbations. Moreover, when a magnetic field
is used to support neutral atoms against the gravitational
force, there is always a residual curvature which limits the
adiabatic decompression of the trap [18]. Extended free-
fall times can be achieved by launching atoms upward in
an atomic fountain [19]. Another method consists of let-
ting the whole experiment fall freely under gravity, e.g.
in a drop tower [20], during parabolic flight in an aircraft
[21] or a sounding rocket [22], or on the International
Space Station [23]. Until now, BEC production on these
FIG. 1. (a) Schematic of the Einstein elevator. The pay-
load (I), including the science chamber, cooling beam optics
and imaging system, is driven vertically along two air-bearing
translation stages. (b) Acceleration profile of the science
chamber for sequential parabolas of 400 ms, separated by a
dead time of 12 s required to let the motors cool down. (c)
Absorption image of the BEC transition after a time-of-flight
of 50 ms in 0g. The projection of the vertical axis shows the
typical double structure of the cloud. The blue (violet) curve
is a least-squares fit to the thermal distribution (condensed
fraction).
platforms has been realized only with magnetic traps us-
ing atom chip technology.
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FIG. 2. Details of the painted optical trap composed of two
crossed beams and the imaging system.
In this letter, we present an alternative method where
87Rb BECs are produced all-optically on an Einstein el-
evator, as shown in Fig. 1. Our method relies on the
combination of three optical techniques. First, we use a
Λ-enhanced grey molasses on the 52S1/2 → 52P3/2 D2
transition to create a reservoir of cold atoms [24]. Sec-
ond, our 1550 nm optical dipole trap (ODT) creates a
transparency volume due to a strong light shift of the
52P3/2 excited state that results from coupling with the
52D5/2 state [25]. In this way, it is possible to store the
atoms in the dipole trap without emission and reabsorp-
tion of near-resonant photons [26]. Third, we create a
time-averaged or painted potential by spatially modulat-
ing the ODT beam. This technique leads to both a high
capture volume and fast evaporative cooling with a high
collision rate [27]. We produce a BEC in 1.4 s with a crit-
ical temperature of 140 nK before the Einstein elevator
reaches the microgravity (0g) phase of its trajectory.
Our experimental apparatus has been previously devel-
oped for parabolic flights onboard the Novespace Zero-G
aircraft [5, 21]. It comprises fiber-based lasers, an ultra-
stable frequency source and a titanium science cham-
ber housed inside a magnetic shield [Fig. 1(a)]. Figure
2 shows the optical layout of the crossed ODT beams,
which are derived from a λD = 1550 nm amplified fiber
laser delivering up to 23 W. After a first telescope, an
acousto-optic modulator (AOM) is used to control the
optical power and to spatially modulate the beams for
the painted potential. A second telescope adapts the
beam profile to obtain a beam waist of w0 = 45 µm
at the location of the atoms. The trap is formed by two
beams crossed at an angle of 70◦. The key advantage
of the painted potential is to break the fixed power-law
relationship between the trap depth U and the frequen-
cies ω by modifying the shape of the trap. We restrict
the discussion to pure harmonic traps with frequencies
ω2y = ω
2
y =
8αP
pimw40
fω(h/w0) and ω
2
z =
4αP
pimw20z
2
R
fω(h/w0),
and depths U = 2αP
piw40
fU (h/w0), where α is the polariz-
ability of the atomic ground state at λD, P is the opti-
cal power, m is the atomic mass, zR = piw
2
0/λD is the
Rayleigh length, and h is the amplitude of the spatial
modulation. The functions fω(h/w0) and fU (h/w0) are
the fractional reduction factors due to the spatial mod-
ulation of the beam [27]. The capture volume is propor-
tional to h2 and can be increased with a good trade-off
on the trap depth U due to the factor fU (h/w0).
We first load a 3D magneto-optical trap of approxi-
mately 5× 107 87Rb atoms from background vapour in 4
s. Atoms are cooled further by shifting the cooling beam
detuning to ∆ = −140 MHz relative to the |52S1/2, F =
2〉 → |52P3/2, F ′ = 3〉 transition, while keeping the re-
pumping beam near resonance with |52S1/2, F = 1〉 →
|52P3/2, F ′ = 2〉. This repump frequency is derived from
the cooling beam using a fibered electro-optic modulator
(EOM) operating at 6.56 GHz. We then turn on the ODT
with a spatial modulation amplitude of h = 100 µm. The
frequency of the cooling beam is then shifted further to
∆ = −240 MHz, and we tune the repump to satisfy the
Raman condition between |F = 1〉 and |F = 2〉 at a
frequency difference of 6.834 GHz. This results in Λ-
enhanced cooling and efficient ODT loading—combining
the effects of grey molasses and velocity-selective coher-
ent population trapping [24].
Outside the dipole trap [28], grey-molasses cooling re-
sults from a spatially-varying light shift that allows mov-
ing atoms to undergo a Sisyphus-like cooling process un-
til being optically pumped to a dark state |DS〉. Atoms
stay in |DS〉 until velocity-induced motional coupling
brings them back to a bright state where cooling begins
again. The lifetime of |DS〉, where atoms do not scat-
ter light, sets the minimum achievable temperature. For
the |F = 2〉 → |F ′ = 2〉 transition, only the ground
states |mF = 0, p = 0〉 and |mF = ±2, p = ±2~k〉
are coupled, where mF is a magnetic quantum num-
ber, p is the momentum, and k is the wavevector of
the cooling light. Hence, the dark state can be written
as the superposition of three momentum states |DS〉 =
1√
3
(|−2,−2~k〉− |0, 0〉+ |2, 2~k〉). As a result of this su-
perposition, |DS〉 is very short lived which limits the min-
imum temperature. In the Λ-enhanced scheme, the sec-
ond laser is blue detuned from |F = 1〉 → |F ′ = 1〉, and
is phase locked to the first via the EOM. Consequently,
|DS〉 will mix with states in the F = 1 manifold, form-
ing a more complex but longer-lived non-coupled state
|NC〉 = (ΩH |G〉−ΩG|H〉)/
√
Ω2G + Ω
2
H where cold atoms
are stored for larger durations—enhancing the cooling
effect. Here, |G〉 and |H〉 represent superpositions of dif-
ferent magnetic sub-levels within the F = 1 and F = 2
manifolds, and ΩG,H are effective optical pumping rates
between these levels. The specific combinations of lev-
3els depends on the relative intensities of the cooling and
repumping beams, and their polarization gradient poten-
tials [29].
As atoms move toward the center of the ODT, the
grey-molasses light becomes increasingly blue detuned
from |F = 1, 2〉 → |F ′ = 2〉, which strongly reduces light
scattering. The total power in the ODT beams during
this loading phase is 10 W. Under these conditions, the
light shift of |F ′ = 2〉 is −170 MHz at the trap center, as
shown in Fig. 3(a). This leaves the |F = 1, 2〉 → |F ′ = 3〉
transitions far off resonance—enabling low temperature
atoms to become trapped in the transparency volume of
the ODT [see inset of Fig. 3(b)]. In principle, the ODT-
induced light shifts hinder grey molasses cooling [25].
Nevertheless, in our painted potential, atoms still have
a strong probability to be cooled and pumped into |NC〉
because the pumping rate (∼ 6 MHz) is much higher than
the modulation frequency of 280 kHz. Consequently a
large fraction (about half) of the atoms should still un-
dergo grey molasses cooling while being in the ODT vol-
ume. The sharp features in Fig. 3(b) comply with this
hypothesis. When the cooling beams are switched off,
approximately 5 × 106 atoms remain in the painted po-
tential with an in-trap temperature of 15 µK at a depth
of 120 µK. We evaluate the gain of the grey molasses
process by comparing it with a loading sequence using
a standard red molasses. In this case, because of the
light shifts, the optimal detuning varies strongly with
the optical power of the ODT. In contrast, the grey mo-
lasses yields a 4-fold increase in atom number compared
to the red molasses, as shown in Fig. 3(b). Moreover,
the grey molasses scheme is relatively insensitive to the
ODT power, and it occurs on faster timescales (< 1 ms)
than red molasses (> 5 ms) [24], even though the final
temperatures are comparable. This effect is consistent
with our increased loading with the grey molasses: the
longer times required for red molasses cooling lead to ex-
pansion of the atoms, which lowers the central density
and therefore the loading efficiency.
After the molasses and loading phases, trapped atoms
remaining in |F = 2〉 are pumped into the |F = 1〉 man-
ifold using light resonant with |F = 2〉 → |F ′ = 2〉. The
ODT is compressed by first increasing the laser power to
20 W in 50 ms with the modulation on. The modulation
amplitude is then ramped down to zero over 150 ms while
simultaneously decreasing the ODT power to 14 W. At
this stage the trap depth is 390 µK, the collision rate is
5000 s−1, and the trap frequencies are ωx = 2pi × 1375
Hz, ωy = 2pi× 1130 Hz, and ωz = 2pi× 780 Hz. We then
proceed to a forced evaporative cooling stage by decreas-
ing the power by a factor 400 in 1.2 s using a sequence
of three linear ramps with different slopes to take into
account the reduction in collision rate. We verified the
efficiency of this method by reaching a BEC for a critical
temperature Tc = 200 nK with 10
5 atoms in standard
gravity (1g).
We realize BECs in microgravity by mounting our sci-
ence chamber on an Einstein elevator developed by the
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FIG. 3. (a) Level structure of the atoms including the light
shift due to the painted ODT (P ' 10 W, h = 100 µm). The
cooling and repumping frequencies are shown for the grey
(solid blue lines) and red (dashed pink lines) molasses. The
light shift of the excited (ground) state at the center of the
ODT is ∼ 170 MHz (2.5 MHz). (b) ODT loading efficiency as
a function of the detuning relative to |F = 2〉 → |F ′ = 3〉 for
the red (pink squares) and grey (blue circles) molasses. Inset:
absorption image of atoms in the ODT using near-resonant
light. Atoms at the center of the trap are transparent to the
cooling beams.
French company Syme´trie (Fig. 1), which undergoes pre-
programmed parabolic trajectories that can provide up
to 400 ms of weightlessness every 13.5 seconds. The resid-
ual acceleration during the motion, as measured with a
low-noise mechanical accelerometer (Colibrys SF3600),
yields a maximum amplitude of 1 m/s2 and a root-mean-
squared repeatability of 0.05 m/s2 [see Fig. 1(b)]. When
operating on the elevator, the cooling sequence starts
during the dead time between two parabolas, and the
initial 800 ms of the evaporation process is the same as
previously described. Just before the “pull-up” phase
(when the acceleration increases above 1g), the total
ODT power is P = 250 mW and the sample temperature
is T = 400 nK. The evaporation sequence is optimized
by experimentally maximizing the phase-space density at
the end of the sequence. The varying acceleration during
the pull-up phase strongly affects the trap depth and fre-
quencies in time. To adapt to these changes, we apply a
specific temporal profile to the ODT power (see Fig. 4).
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FIG. 4. Adapted ODT parameters during the pull-up, in-
jection and 0g phases (blue solid line). The parameters are
calculated using the calibration of the ODT power and the
measured acceleration. Calculations were validated by mea-
suring the trap frequencies at three different times during the
sequence: two in 1g and one in 0g. (a) ODT optical power.
(b) Evolution of the ODT depth. (c) Average ODT frequency
taking into account the acceleration sag. For comparison, a
sequence using parameters appropriate for 1g (pink dashed
line) shows vanishing trap depth and frequency because of
the increased sag during the pull-up phase.
When the acceleration exceeds 1g, the trap is compressed
adiabatically in 80 ms by increasing the power to P = 426
mW. This guarantees a depth sufficient (about 10 times
the cloud temperature) to maintain the atoms in the trap
when the acceleration reaches its maximum (∼ 2g). The
evaporation is completed by ramping down the power in
two steps until the end of the “injection” phase (when the
acceleration decreases from 1g to 0g). Using this proto-
col, a BEC is obtained ∼ 100 ms before the 0g phase,
with 5× 104 atoms at a critical temperature of Tc = 140
nK. At this point, the trap frequencies are ωx = 2pi×109
Hz, ωy = 2pi × 103 Hz, ωz = 2pi × 71 Hz. The total
duration of the evaporation is 1.2 s.
At the beginning of the 0g phase, the ODT power is de-
creased in 40 ms to reach the minimum value required to
keep the atoms in the trap. At this stage, our BEC con-
tains 4×104 atoms for a spatial expansion corresponding
to 35 nK. The ODT power is 10 mW for an average trap
frequency of 39 Hz (ωx = 2pi × 50 Hz, ωy = 2pi × 41 Hz,
ωz = 2pi × 28 Hz). We anticipate further improvements
by implementing delta-kick collimation of the cloud [30].
To illustrate the importance of reducing the tempera-
ture, we produced three samples with different tempera-
tures and measured the fluorescence signal emitted from
a small detection volume as a function of the time of
flight in microgravity (see Fig. 5). These data show that
for T . 100 nK the atom number is constant inside the
detection volume (∼ 0.03 cm3) during the full time in
free-fall. For larger temperatures, atoms expand outside
the detection zone and the fluorescence signal decreases
dramatically.
In conclusion we have produced all-optical BECs of
87Rb in microgravity with a cycle time of 13.5 s. The
painted ODT, combined with light-shift engineering and
Λ-enhanced grey molasses cooling, enabled us to opti-
mally cool and evaporate atoms to quantum degeneracy
before the 400 ms of weightlessness available for scien-
tific studies. These techniques can easily be adapted to
other atomic species, and are compliant with sympathetic
cooling for multi-species experiments. Our Einstein ele-
vator is an alternative solution to realize experiments in
microgravity as currently proposed for the ISS to study
few body systems [23], new topological quantum objects
such bubble-shaped traps [31], and ultra-cold atoms at
extremely low temperatures [32]. Continuous operation
of the elevator results in one hour of microgravity per
day in a standard laboratory environment. This consti-
tutes a new tool to prepare future Space-based missions
considering ultra-cold atom interferometers for satellite
gravimetry [33], quantum tests of the UFF [34, 35], and
gravitational wave detection [36].
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FIG. 5. Normalized atom number detected versus the time of
flight in 0g for three different sample temperatures.
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